Early patterning of the endoderm as a prerequisite for pancreas specification involves retinoic acid (RA) as a critical signalling molecule in gastrula stage Xenopus embryos. In extension of our previous studies, we made systematic use of early embryonic endodermal and mesodermal explants. We find RA to be sufficient to induce pancreas-specific gene expression in dorsal but not ventral endoderm. The differential expression of retinoic acid receptors (RARs) in gastrula stage endoderm is important for the distinct responsiveness of dorsal versus ventral explants. Furthermore, BMP signalling, that is repressed dorsally, prevents the formation of pancreatic precursor cells in the ventral endoderm of gastrula stage Xenopus embryos. An additional requirement for mesoderm suggests the production of one or more further pancreas inducing signals by this tissue. Finally, recombination of manipulated early embryonic explants, and also inhibition of RA activity in whole embryos, reveal that RA signalling, as it is relevant for pancreas development, operates simultaneously on both mesodermal and endodermal germ layers.
Introduction
The vertebrate endoderm will give rise to the epithelial lining of the gastrointestinal tract, which in turn will be the origin for a number of different organs, including the pancreas. In Xenopus, the endoderm derives from cells positioned at the vegetal pole of the embryo (Dale and Slack, 1987) . VegT, a vegetally localizing maternal transcription factor, serves a key regulatory function in the expression of several downstream endodermal signalling molecules and transcription factors. Interaction of these activities in late blastula stage embryos commits the vegetal cells to an endodermal fate (reviewed in Fukuda and Kikuchi, 2005) .
Several signalling pathways have been reported to be involved in the early patterning events that affect pancreas development, and the importance of mesenchymal-epithelial interactions has been revealed. Studies in Xenopus using embryonic explants have suggested an important role for TGF-b and FGF signalling in the anterior-posterior patterning of the endoderm. Inhibition of these signalling activities using the corresponding dominant negative receptors abolished expression of the anterior endodermal marker XlHbox8, while a posterior endodermal marker, IFABP, was not affected (Gamer and Wright, 1995; Henry et al., 1996) . Zorn and colleagues (1999) have further shown that the anterior endomesoderm, as defined by the expression of Xhex and cerberus, is specified by a combined action of Wnt/b-catenin and TGF-b signalling. These studies were based on the use of vegetal explants isolated from late blastula stage embryos. A more recent investigation performed by Horb and Slack (2001) suggested that the presence of a small number of mesodermal precursor cells in such early vegetal explants might have to be considered. Endoderm that is completely devoid of mesoderm, as isolated from neurula and tailbud stage embryos, was not found to express any regional marker, and it became regionally specified only in the presence of adjacent mesodermal tissue.
Similarly, in the mouse, endoderm receives its initial instructive patterning information from the adjacent mesoderm just after gastrulation. FGF4 can induce the differentiation of endoderm in a concentration-dependent manner and has recently been shown to be required for establishing gut domains along the A-P axis in a paracrine manner (Wells and Melton, 2000; Dessimoz et al., 2006) . Later in development, at somite stage, juxtaposition of endoderm and notochord is a key event for dorsal pancreas specification. FGF2 and activin, which are believed to be delivered by the notochord, suppress Sonic hedgehog (Shh) expression in the dorsal pancreatic endoderm (reviewed in Hebrok, 2003) , thus allowing for pancreas development. Additional signalling activities of unknown identity have been attributed to the vascular endothelium (Lammert et al., 2001 ). In the ventral foregut endoderm, signals from the cardiac mesoderm (FGF2) and septum transversum mesenchyme (BMP), are required to specify a liver fate from multipotent endodermal precursor cells, which would otherwise take a default route to pancreas (reviewed in Zaret, 2002) .
Using chick-quail chimeras and in vitro tissue recombination approaches, Kumar and colleagues (2003) have shown that diverse signals, such as BMP, RA or activin, are able to instruct the anterior endoderm to adopt a pancreatic fate, but only in the presence of mesoderm. By use of swirl (BMP2 À/À ) and chordino (chordin À/À ) zebrafish mutants, Tiso and colleagues (2002) found that BMP signalling is involved in regulating the A-P patterning of the zebrafish endoderm; anterior endoderm is expanded and the pancreatic domain is reduced in swirl mutant embryos and the phenotype is just the opposite for chordino mutant embryos.
More recently, a conserved, essential role for RA signalling in the specification of the dorsal pancreas in zebrafish (Stafford and Prince, 2002) , Xenopus Stafford et al., 2004) and mouse (Martin et al., 2005; Molotkov et al., 2005) was revealed. The rate limiting step in the biosynthesis of RA is carried out by a retinaldehyde dehydrogenase (RALDH); RALDH2 is expressed in the mesoderm during gastrulation, i.e., during the period of development when RA signalling is critically required for pancreas development in fish and frogs (Stafford and Prince, 2002; Chen et al., 2004) . A most recent study by Stafford et al. (2006) was devoted to the question if RA acts directly on endodermal cells to induce a b-cell fate in the zebrafish; using an elegant cell transplantation approach it was concluded that RA functions as an instructive signal produced in the mesoderm, directly inducing endocrine pancreatic precursors in the endoderm.
In extension of our previous studies on the role of RA in the context of pancreas specification, we now exploit the ease of manipulation and cultivation of explants from early Xenopus embryos. Results as obtained in the context of this study lead us to conclude that (a) RA is sufficient to induce pancreas-specific gene expression in dorsal but not ventral gastrula endoderm explants, (b) that the differential expression of RARs during gastrulation in both mesoderm and endoderm plays an important role at the earliest stages of pancreas specification, and (c) that BMP signalling as well as absence of RA appear to prevent formation of pancreatic precursor cells in the ventral endoderm of gastrula stage Xenopus embryos. A requirement for mesoderm in the explant system suggests the production of one or more additional pancreas inducing signals by the mesodermal cells. Furthermore, the spatially restricted inhibition of RA signalling in explants and also in whole embryos, reveals that RA signalling operates via cells in both mesoderm and endoderm to specify pancreas.
Results
2.1. RA is sufficient to induce pancreas-specific gene expression in dorsal endodermal, but not in ventral endodermal explants
Our previous studies had revealed that RA signalling is required for pancreas specification in the dorsal endoderm of gastrula stage Xenopus embryos, with the RALDH2 expressing adjacent mesodermal tissue functioning as the corresponding signalling centre . In further pursuit of these observations we addressed the question if, first, RA is sufficient for pancreas specification of the dorsal endoderm, and, second, if it is also capable of inducing pancreas-specific gene expression in the ventral endoderm of gastrula stage embryos.
For this purpose, different types of explants were dissected from stage 11 Xenopus embryos, containing dorsal or ventral endoderm (DE or VE), dorsal or ventral mesoderm (DM or VM), or different combinations hereof (DEM, VEM, DE/VM, VE/DM); RA treatment was performed transiently for 1 h after explant isolation. Explants were cultivated up to the equivalent of stage 39, i.e., when endocrine as well as exocrine pancreatic differentiation markers start to be expressed in the corresponding control embryos, and analyzed for pancreatic marker gene expression using both RT-PCR (Fig. 1a) and whole mount in situ hybridization (Fig. 1b) . DE alone does not activate pancreatic gene expression if cultivated in the absence of RA, while low but significant levels of such activities are detected upon treatment with RA. Consistent with the results reported by Asashima and colleagues (Moriya et al., 2000) , dorsal mesoderm, encompassing the dorsal lip structure, can also be induced by RA to form pancreatic structures. Co-explantation of dorsal endoderm/mesoderm (DEM) results in the induction of pancreatic gene expression even in the absence of exogenous RA, probably due to the endogenous RA, as produced by the DM and signalling to the adjacent DE. However, the existence of additional signalling activities mediating the communication between dorsal mesoderm and endoderm cannot be excluded at this point. The liver-specific gene transthyretin was also activated under these conditions. Treatment of the DEM with exogenous RA results in significantly enhanced levels of most pancreatic marker genes tested. Interestingly, discrete patches of either insulin and Ptf1a/p48 expressing cells, as for the early dorsal pancreas, or Ptf1a/p48 only positive cells, as for the early ventral pancreas, were observed in DE and DEM explants (Fig. 1b) .
Conversely, ventral endodermal and mesodermal explants (VE, VM and VEM) fail to activate pancreatic gene expression, neither in the presence nor in the absence of RA. Interestingly, a combination of ventral endoderm with dorsal mesoderm is found to result in robust levels of pancreatic gene expression that can be enhanced by addition of exogenous RA. In the reciprocal combination, DE plus VM, results qualitatively similar as those observed with DE alone were obtained, but VM appears to counteract the ability of RA to induce pancreatic markers in DE explants, suggesting the release of inhibitory signal(s) from the ventral mesoderm. All together, these findings strongly suggest that one or more signals in addition to RA, which by itself cannot induce pancreas-specific gene expression in the ventral endoderm, may be involved in the signalling between meso-and endoderm that eventually results in pancreas specification.
Thus, in summary of this first set of experimental observations, we conclude that RA is sufficient to induce pancreas-specific gene expression in dorsal but not ventral gastrula stage endoderm explants. The dorsal endoderm is likely to be exposed to additional signal(s) from the mesoderm prior to or at gastrulation, critically involved in pancreas development. Semi-quantitative RT-PCR analysis for pancreatic marker expression. The markers used are indicated on the right side of the graph and the same set is used throughout this study: XlHbox8 and Ptf1a/p48 are pancreatic precursor cell markers; insulin is an endocrine-specific marker; XPDIp is an exocrinespecific marker; TTR is a liver-specific marker; Darmin is an intestine-specific marker; xtwist is a mesodermal marker and Histone H4 is a loading control. An average of 10 explants per assay was used for each RNA preparation. (b) Explants collected at stage 34 were also analyzed for Ptf1a/p48 (red) and insulin (dark blue) expression using whole mount in situ hybridization, RA treatment was as indicated.
described above, might reflect spatially restricted expression of the appropriate RA receptor molecules. Semi-quantitative RT-PCR analysis of a panel of six such RAR-and RXR-type receptors in microdissected gastrula stage embryos reveals a differential distribution for two of these: RARa2.1 (Sharpe, 1992 ) is higher in dorsal versus ventral endoderm, and RARc2.1 (Ellinger-Ziegelbauer and Dreyer, 1991 Dreyer, , 1993 Pfeffer and De Robertis, 1994; Crawford et al., 1995) is high in dorsal and low in ventral mesoderm, but not detected in the endoderm (Fig. 2a) .
To further explore the role of these two differentially expressed receptors in respect to pancreas specification, we tested if they can confer competence to RA-mediated induction of a pancreatic fate when ectopically expressed in endodermal explants isolated from microinjected gastrula stage embryos. xRARa2.1 alone or in combination with its co-receptor xRXRb (Goldstone and Sharpe, 1997) is not able to confer RA induced expression of pancreatic marker genes in VEM isolates. Interestingly, ectopic expression of xRARc2.1, either alone or in combination with xRARa2.1, results in the induction of pancreas gene activity in response to RA and in the presence of increased levels of the co-receptor xRXRb (Fig. 2b) . In this experimental situation, ectopic RARs will be expressed in both mesodermal and endodermal germ layers. However, since in the mesoderm, the recep- tor is already present at low levels in the uninjected specimens, the additional availability of the receptor in the endoderm of injected explants is likely to be the reason for the induced RA responsiveness.
Taken together, these results suggest that the differential expression of RARs during gastrulation contributes to the earliest stages of pancreas specification, as they occur during gastrulation. . The isolated explants were collected immediately after isolation and subjected to semi-quantitative RT-PCR analysis for expression of various xRARs and xRXRs, as indicated. xRARa2.1 and xRARc2.1 were found to be predominantly expressed in the dorsal portion of the endoderm and mesoderm, respectively. Xbra and Mixer are markers for controlling the purity of the isolated mesodermal and endodermal explants. (b) xRARc2.1, either alone or in combination with xRARa2.1, is able to induce a pancreatic fate in the VEM explants in the presence of its co-receptor xRXRb. xRARc2.1 (500 pg/embryo), either alone or in combination with xRARa2.1 (500 pg/embryo) or/and xRXRb (500 pg/embryo) was injected into four vegetal cells of 8-cell stage embryos. Ventral endoderm/mesoderm (VEM) explants were isolated from the injected embryos at stage 11. The isolated VEM was treated with or without 5 lM RA for 1 h right after isolation and cultured until control embryos had reached stage 39. These explants were subjected to semi-quantitative and quantitative RT-PCR analysis for pancreas marker expression. An average of 10 explants per assay was used for each RNA preparation.
Noggin allows the ventral endoderm to adopt a pancreatic fate in response to RA and mesoderm
We have previously reported that animal cap explants, which would normally develop into atypical epidermis, can only be programmed for pancreas-specific gene expression by a combination of VegT, b-catenin and RA , while VegT and b-catenin alone were sufficient to induce liver-specific gene expression (Chen et al., 2003) ; co-expression of noggin in the presence of RA was found to further enhance the level of pancreatic gene activity, while reducing liver-specific gene expression . Apparently conflicting results were obtained for the expression of XlHbox8 that we had found to be induced by VegT and b-catenin alone in only one of these studies (Chen et al., 2003) . This may be a consequence of Fig. 3 . Down-regulation of BMP signalling confers competence for pancreas specification in ventral endoderm in response to RA and in the presence of mesoderm. (a) Noggin is able to induce pancreas specification in VegT/b-catenin co-injected animal cap explants in the absence of exogenous RA. Animal caps were isolated at stage 8 from VegT (500 pg/embryo) and b-catenin (200 pg/embryo), as well as VegT/b-catenin and noggin (500 pg) injected embryos. The isolated animal caps were divided into three groups, one group without treatment, one group treated with 5 lM RA and the last group treated with 0.25 lM BMS453 at stage 11 for 1 h. These explants were then cultured until control siblings had reached stage 42, and analyzed for pancreas and liver gene expression using semi-quantitative RT-PCR. (b) Noggin is able to induce xRALDH2 expression in animal cap explants. Animal caps were isolated from noggin, VegT alone, VegT/b-catenin and VegT/b-catenin/noggin (concentrations as above) injected embryos at stage 9. The isolated animal caps were treated with or without 5 lM RA at stage 10.5 for 1 h, collected at stage 11 and examined for xRALDH2 expression using semi-quantitative RT-PCR analysis. An average of 60 animal cap explants per assay was used for each RNA preparation. (c) Down-regulation of BMP signalling by noggin results in a competence of VEM to adopt a pancreas fate in response to RA. Noggin was injected into four vegetal cells of stage 4 embryos. Ventral endoderm (VE) and ventral endoderm plus mesoderm (VEM) explants were isolated from the noggin-injected embryos at stage 11. These explants were treated with or without 5 lM RA for 1 h after isolation, cultured until control siblings reached stage 39 and analyzed for pancreas gene expression using RT-PCR analysis. An average of 10 explants per assay was used for each RT-PCR analysis. The noggin injected VEM explants, treated with or without RA, were collected at stage 34 and analyzed for Ptf1a/p48 (red) and insulin (dark blue) expression using whole mount in situ hybridization. (d) Down-regulation of BMP signalling by means of a dominant negative BMP receptor (tBR) in ventral endoderm is sufficient to induce pancreatic gene expression in the presence of RA and ventral mesoderm. Ventral endoderm (VE) explants were dissected from stage 10.5-11 embryos injected with tBR (750 pg/embryo) at the 4-cell stage. The tBR injected VE explants were recombined with untreated ventral mesoderm (VM) immediately after isolation. The recombined explants were treated with or without 5 lM RA at stage 11 for 1 h, cultured until stage 34 and analyzed for Ptf1a/p48 (red) and insulin (dark blue) expression using whole mount in situ hybridization.
individual differences in preparing animal cap explants, which can contain mesodermal contaminations acting as a source for low levels of RA.
In extension of these earlier studies we report here that, in animal cap explants, a combination of VegT, b-catenin and noggin is sufficient to result in pancreas-specific gene activity, even in the absence of exogenously added RA, while injection of either VegT or Noggin alone did not induce pancreatic differentiation markers such as insulin and XPDIp in the absence of RA (Fig. 3a) . However, addition of the competitive RA inhibitor BMS453 to the system ablates pancreas gene transcription, suggesting a requirement for endogenous RA. Indeed, noggin also promotes a robust increase in the level of the mRNA for the key enzyme in the biosynthesis of RA, RALDH2, in animal cap explants as well as in the ventral mesodermal explants (Fig. 3b and data not shown) , that may be sufficient to provide the critical amount of RA required for pancreas specification.
Since levels of BMP signalling in the endoderm of gastrula stage embryos are known to be high ventrally, but low dorsally, also due to the secretion of BMP inhibitors Fig. 3 (continued) like noggin from the dorsal lip (reviewed in De Robertis and Kuroda, 2004), we sought to investigate if ectopic expression of noggin in the ventral endoderm/mesoderm explants (VE and VEM) could confer competence to activate pancreatic marker genes in response to RA. While the VE explants alone remained silent in the presence of a combination of noggin and RA, co-cultivation with ventral mesoderm was sufficient to induce significant levels of pancreas gene activity in such manipulated VEM explants (Fig. 3c) . However, in such an experimental setting, we cannot exclude the possibility that BMPs could be downregulated by endodermally secreted noggin in the ventral mesoderm, which is where the BMPs are primarily synthesized, rather than noggin acting directly on the endodermal cells. Nevertheless, blocking BMP signalling specifically in the ventral endoderm using a truncated version of BMP receptor (tBR) is sufficient to induce pancreatic genes expression in the VE explants in the presence of RA and ventral mesoderm (Fig. 3d) , further indicating that noggin may indeed act directly in the endodermal germ layer.
Thus, BMP signalling and absence of RA seem to inhibit the formation of pancreatic precursor cells in the ventral endoderm of gastrula stage Xenopus embryos; the additional requirement for mesoderm suggests the production of one or more pancreas inducing signals by the mesodermal cells. Fig. 4 . RA acts both directly and indirectly on the dorsal endoderm in the context of pancreas specification. (a) RA signalling is required both in endoderm and mesoderm to specify the pancreas. Dorsal mesoderm (DM) and dorsal endoderm (DE) explants were dissected from stage 11 embryos injected with DN-RARa2 (1 ng) at the 4-cell stage, or treated with 0.25 lM BMS at stage 10. These manipulated DM and DE explants were recombined with each others or with the wild type DE and DM, respectively. The recombined explants were cultured until stage 39 and analyzed for pancreas-specific gene expression using both semi-quantitative RT-PCR. An average of 15 explants per assay was used for each RNA preparation. (b) The recombinant explants were analyzed for insulin expression (dark blue) using whole mount in situ hybridization. Red arrowheads indicate insulin staining in mixed populations of explants. The percentage of explants expressing insulin is indicated at the right bottom corner of each panel.
RA responsiveness is required in both mesoderm and endoderm in the context of early embryonic pancreas specification
The requirement for mesoderm to result in pancreasspecific gene activity in the different endoderm explant assays described above raises the question if RA signalling molecules are directly received by the endodermal cells, or if they are relayed via the mesoderm, or if a combination of both modes of signalling may exist. In order to address this question, we made use of a dominant negative variant of RARa2 (Sharpe and Goldstone, 1997) , the competitive RA inhibitor BMS453 and two different assay systems.
First, endogenous RA signalling was selectively inhibited in dorsal mesoderm (DM) and dorsal endoderm (DE) explants, respectively, before co-cultivation of both specimens and analysis of pancreas-specific gene activity (Fig. 4a) . Microinjection of mRNA encoding DN-RARa2 into, or BMS453 incubation of both, DE and DM, results in a significant reduction of pancreatic gene activity in DE + DM explants, with most severe effects obtained for the inhibition of insulin expression ( Fig. 4a and b) . Selective inhibition of RA signalling in either DM or DE alone, prior to co-culture with untreated DE or DM, respectively, similarly reduces pancreas gene transcription, even though to a lesser extent. Whole mount in situ hybridization analysis of a collection of such explants reveals that they actually represent a mixture of few specimens that are positive for pancreas-specific gene expression and many negative ones (Fig. 4b) .
Second, the DN-RARa2 was selectively directed to either the mesodermal or endodermal germ layer by means of mRNA injection into 4-cell or 8-cell stage embryos. Manipulated embryos were cultivated to the equivalent of embryonic stages 36 and 39, and analyzed for pancreas and liver-specific gene activities (Fig. 5) . It turns out that both manipulations, selective inhibition of RA signalling in the mesoderm or in the endoderm, as marked by b-gal staining, exert similar inhibitory effects on dorsal pancreas development, while the development of the liver remains largely unaffected. These results correlate well with effects reported previously upon inhibition of RA signalling by BMS453 treatment . Interestingly, formation of the ventral pancreatic bud is maintained when RA signalling is blocked in the mesoderm, while it is severely affected when endodermal RA signalling is blocked. This latter effect was not observed upon BMS453 treatment and is Fig. 4 (continued) therefore indicative for a secondary, late function of RA signalling in the endoderm. The RA producing enzyme RALDH2 is indeed expressed in the lateral plate mesoderm at late neurula stages of embryogenesis (Chen et al., 2001) .
Thus, results obtained in both the endoderm/mesoderm explants and whole embryo microinjection experiments unequivocally argue that RA signalling as it is relevant for pancreas development operates simultaneously in both mesodermal and endodermal germ layers.
Discussion
In the present study, we report that RA is sufficient to induce pancreas-specific gene expression in dorsal but not ventral endodermal explants; the differential expression of RARs during gastrulation plays an important role in this regionally restricted responsiveness. In addition, BMP signalling together with the absence of RA prevent the formation of pancreatic precursor cells in the ventral endoderm of gastrula stage Xenopus embryos. The further requirement for the presence of mesoderm suggests production of one or more additional pancreas inducing signals by the mesodermal cells. Furthermore, results obtained via recombination of early embryonic explants, but also with regionally restricted manipulation of RA signalling in whole embryos, lead us to conclude that RA signalling, as it is relevant for pancreas development, operates simultaneously on both, mesodermal and endodermal germ layers (see also schematic representation in Fig. 6) . Fig. 5 . Blocking RA signalling specifically in either the endoderm or the mesoderm of whole embryos interferes with pancreas specification. To block RA signalling specifically in the endoderm, DN-RARa2 was injected into the vegetal pole of 8-cell stage embryos together with the lineage tracer b-gal. In order to block RA signalling in the mesoderm, DN-RARa2 and b-gal were co-injected into the marginal zone of the two dorsal blastomeres in 4-cell stage embryos. The injected embryos were cultivated until control siblings had reached stage 36 or stage 39, and subjected to b-gal staining before whole mount in situ hybridization was carried out. (panels 1-3) Lateral view of stage 39 embryos stained for XlHbox8 expression (anterior towards the left), (panels 4-6) Ptf1a/p48 expression, (panels 7-9) insulin expression, (panels 10-12) XPDIp expression, (panels 13-15) Xhex expression. Red arrowheads demarcate the position of the ventral pancreas, white arrowheads the position of the dorsal pancreas. The statistics obtained are indicated at the right bottom corner of each panel. Fig. 6 . RA-mediated early endodermal patterning events in the context of pancreas specification in Xenopus. During gastrulation, RA, generated in the dorsal mesoderm, signals both directly and indirectly to the dorsal endoderm to specify dorsal pancreas. Inhibition of BMP signalling by noggin or chordin is also necessary for dorsal pancreas specification. Additional mesodermal factor(s) X is(are) required to pattern the dorsal endoderm towards a pancreatic fate.
Differential responsiveness of dorsal versus ventral endoderm toward RA
Fate mapping experiments have revealed that the pancreas originates from the dorsal endodermal territory of gastrula stage embryos (Chalmers and Slack, 2000; Kelly and Melton, 2000) . In isolation, we did not find dorsal endoderm (DE) explants dissected from stage 11 Xenopus gastrulae to express pancreatic marker genes, including XlHbox8. Previous studies reporting on autonomous expression of endodermal markers such as XlHbox8, had employed whole or dorsal/ventral vegetal explants from stage 8/9 blastulae (Gamer and Wright, 1995; Henry et al., 1996) . A more recent study by Horb and Slack (2001) had arrived at the conclusion that such early explants form some mesodermal cells, suggesting that the endoderm is not specified in the absence of mesoderm. In contrast to culture in isolation, our DE explants adopt a pancreatic fate upon treatment with exogenous RA, or when co-cultured with the adjacent mesoderm, which is likely to serve as a source for endogenous RA. These findings suggest that RA is sufficient to direct the dorsal endoderm toward a pancreatic fate. However, in order to achieve maximal levels of pancreas gene expression, presence of dorsal mesoderm is required, indicating that additional signalling activity from the mesoderm may also be involved.
Conversely, VE explants were not able to adopt a pancreatic fate, even in the presence of RA and ventral mesoderm. The differential distribution of RARs and their isoforms defines complex patterns during embryogenesis (reviewed in Mark et al., 2006) . We found xRARc2.1 to be predominantly expressed in the dorsal mesoderm. When xRARc2.1 is ectopically introduced into VEM explants together with its co-receptor RXRb, pancreatic gene expression can be induced upon application of RA. Specific combinations of RARs and RXRs have similarly been reported to promote primary neurogenesis in Xenopus embryos (Sharpe and Goldstone, 1997, 2000) .
RA-mediated patterning of the dorsal pre-pancreatic endoderm operates both directly as well as relayed via the mesoderm
In the present study, we used recombination of differentially manipulated endodermal and mesodermal explants, as well as modulation of RA signalling in whole embryos, in order to address the question if RA acts directly or/and indirectly via the mesoderm to specify the dorsal endoderm towards a pancreatic fate. The data obtained suggest that RA acts both directly and indirectly. The observed preferential expression of at least two different RARs in the dorsal endoderm (namely xRARa2.1) and in the dorsal mesoderm (namely xRARc2.1) is in line with this notion.
The importance of the mesoderm in RA-mediated pancreas specification has also been revealed in another system. Using chick explants, Kumar et al. (2003) have shown that RA is able to induce ectopic Pdx1 expression in anterior endoderm only in the presence of mesoderm. In the mouse, RA-responsive cells were detected in both the mesenchyme and endoderm of the pancreatic anlage in RALDH2 À/À mice upon treatment with RA (Martin et al., 2005) . Conversely, a most recent study by Stafford et al. (2006) in the zebrafish system has arrived at a different conclusion. Using cell transplantation techniques, it is demonstrated that RA receptor function is required in the foregut endoderm, but not in the mesoderm, for the development of insulinexpressing b-cells; it was not reported if the development of other endocrine and/or exocrine pancreatic cells has similar signalling requirements. Pancreas development in the zebrafish has also been shown to differ in comparison with other vertebrate systems in respect to the role of hedgehogmediated signalling (dilorio et al., 2002; Roy et al., 2001 ).
Interaction of BMP and RA signalling in the context of pancreas specification
Our present findings also support the notion that downregulation of BMP signalling is required in conjunction with RA signalling for pancreas specification during gastrulation. Ventral endodermal explants were able to adopt a pancreas fate in the presence of RA and mesoderm only when BMP signalling is downregulated by noggin. A similar situation was observed in the animal cap assay, in which the pancreatic cell population was enlarged in the presence of noggin and increasing concentrations of RA (results reported here and data not shown). Early studies by Gamer and Wright (1995) had shown that vegetal explants, either injected with BMP4 or isolated from UV treated embryos, do not express XlHbox8. Our study confirms and extends these findings by demonstrating that, in order to induce a pancreatic fate in ventral endoderm, three different elements are required: down-regulation of BMP signalling, RA and the presence of mesoderm. Sasai and colleagues (1996) have reported that organizer factors, such as chordin and noggin, can induce dorsal endoderm formation independent of mesoderm in the animal cap assay. They also pointed out that these factors are needed to pattern the endoderm during gastrulation, which is in line with data reported here. Moreover, our preliminary observation also suggest that noggin can induce xRALDH2 as well as xRARa2.1 and xRARc2.1 expression in the animal cap assay and VEM explants, revealing a further interdependence of noggin and RA signalling (data not shown).
While our data support the notion of a negative function for BMP signalling in the context of pancreas specification, several other reports have suggested that pancreas development requires BMP signalling. BMPs promote formation of cystic epithelial colonies containing islet-like structures in an in vitro culture system of dissociated pancreatic cells from E15.5 mouse embryos (Jiang et al., 2002) . Furthermore, BMPs have been found to play a positive role in zebrafish pancreas development using mutants that are homozygous for BMP (swirl) and chordin (chordino) (Tiso et al., 2002) . Explant studies in the chick have revealed that, in the presence of mesoderm, somite-stage anterior endoderm explants treated with BMPs activate expression of Pdx1 (Kumar et al., 2003) . These discrepancies might reflect the existence of a critical time point at which BMP signalling is needed for pancreas development. Alternatively, results reported in this communication are also compatible with the idea that down-regulation of BMP signalling to intermediate levels, rather than full inhibition, may be required to specify pancreatic fate in gastrula stage Xenopus embryos. We cannot exclude the possibility for a requirement of BMP signalling in later phases of pancreas development in the frog, as observed in other systems. This aspect remains to be investigated.
Pancreas specification programmed in vitro
One major obstacle in strategies to cure type I diabetes is to obtain a sufficient supply of b-cells for transplantation. Many attempts have been made to establish a protocol for generating b-cells from embryonic stem cells. Such protocols have gained induction of pancreatic and b-cell differentiation by transfecting the master regulatory genes Pdx1 or/and Pax4 into nestin-positive neural progenitor cells (reviewed in Kania et al., 2004) . b-Cells generated from neural progenitor cells, though expressing insulin and being responsive to glucose stimulation, have been found to undergo apoptosis right after differentiation (Hansson et al., 2004) . More recent studies have focused on attempts to generate definitive endoderm from either murine or human ES cells, which can then differentiate into b-cells (Kubo et al., 2004; D'Amour et al., 2005) . Our protocol for the generation of different pancreatic cells from pluripotent embryonic precursor cells, as defined by modulating TGF-b, BMP and RA signalling in the Xenopus animal cap explant system, is designed to mimic the normal embryonic situation for the dorsal mesendoderm and could be useful for those studies aiming at the generation of definitive endoderm and b-cells from mouse or human ES cells.
Materials and methods

Embryo cultivation and microinjections
Pigmented or albino Xenopus laevis embryos were obtained using standard protocols, as previously described in Pan et al. (2006) , and staged according to Nieuwkoop and Faber (1967) . Synthetic, capped mRNAs for microinjection were transcribed in vitro using the mMessage-mMachineä kit (Ambion) and purified on an RNeasy column (Qiagen, Germany). The following capped mRNAs were used for embryo microinjection: Noggin (500 pg/embryo, Smith et al., 1993) ; xRARa2 coding region (500 pg, Sharpe and Goldstone, 1997) , pCDG-xRARc2.1 (500 pg, Blumberg et al., 1992) ; xRXRb (500 pg, Sharpe and Goldstone, 2000) ; DN-RARa2 (1 ng, Sharpe and Goldstone, 1997).
Animal cap explants, endodermal and mesodermal explants isolation and cultivation
For animal cap assays, 2-cell stage embryos were injected bilaterally with appropriate mRNA and animal cap explants were dissected from stage 9 embryos using a gastromaster. The endodermal and mesodermal explants were isolated from stage 11 embryos using forceps. Endodermal explants were isolated by removing the ectoderm and the mesoderm, followed by central bisectioning perpendicular to the dorsal lip, in order to generate dorsal endoderm (DE) and ventral endoderm (VE), respectively. Mesodermal explants were prepared by first removing the animal cap followed by careful separation from the adjacent endoderm. For endodermal explants cultured in the presence of mesoderm, whole endoderm plus mesoderm explants were prepared by removing the animal portion of mid gastrula stage embryos; the explants were then bisected perpendicular to the dorsal lip to generate dorsal endoderm plus dorsal mesoderm (DEM), and ventral endoderm plus ventral mesoderm (VEM). All explants were cultured in 1 · MBS (17.6 mM NaCl, 480 lM NaHCO 3 , 200 lM KCl, 2 mM Hepes, 160 lM Mg 2 SO 4 , 80 lM CaCl 2 , 60 lM Ca(NO 3 ) 2 , pH 7.4). Explants were staged according to their control siblings.
Chemical treatment of embryos and explants
RA (all-trans-RA, Sigma) and BMS453 (a gift from Bristol Myers Squibb) were prepared as 10 mM stock solution and diluted as described previously , unless otherwise indicated. Embryos and explants were treated with either RA or BMS at stage 11 for 1 h in 0.1· MBS and 1· MBS, respectively. The chemicals were washed away intensively after treatment using the same buffer.
RT-PCR analysis
Total RNA from whole embryos, animal caps, endodermal and mesodermal explants was isolated using RNeasy kits (Qiagen, Germany) followed by DNaseI treatment to remove genomic DNA. All RNA samples were controlled by 35 cycles of a histone H4-specific PCR reaction for DNA contamination. All the experiments involving RT-PCR analysis were repeated at least two times with non-radioactive RT-PCR analysis using a protocol described previously ) and performed at least once by use of real time RT-PCR analysis. The results obtained with real time RT-PCR analyses were found to correspond to those obtained with the ordinary RT-PCR analysis (data not shown). The sequences and cycle numbers for primers used in the real time PCR and normal PCR were:
Xenopus histone H4 (25 cycles, Niehrs et al., 1994) , forward: 5 0 -CGG GATAACATTCAGGGTATCACT-3 0 and reverse: 5 0 -ATCCATGG CGGTAACTGTCTTCCT-3 0 ; XPDIp (30 cycles, Afelik et al., 2004) , forward: 5 0 -GGAGGAAAG AGGGACCAA-3 0 and reverse: 5 0 -GCGCCAGGGCAAAAGTG-3 0 ; XlHbox8 (32 cycles, Chen et al., 2004) , forward: 5 0 -AATCCACCAAA TCCCACACCT-3 0 and reverse: 5 0 -GCCTCAGCGACCCAATAG AA-3 0 ; insulin (32 cycles, Henry et al., 1996) , forward: 5 0 -ATGGCTCTATGG ATGCAGTG-3 0 and reverse 5 0 -AGAGAACATGTGCTGTGGCA-3 0 ; PTF1a-p48 (30 cycles, Afelik et al., 2006) , forward: 5 0 -GAGAAGC GACTGTCCAAG-3 0 and reverse: 5 0 -CATCAGTCCATGAGAG AG-3 0 ; transthyretin (32 cycles, Chen et al., 2004) 
Whole mount in situ hybridization
Whole-mount in situ hybridization on whole embryo, animal caps, as well as on endodermal and mesodermal explants was done in principle as described (Harland, 1991) , with modifications as reported in Hollemann et al. (1999) . The probes were prepared as described .
